The unil mutant of Chlamydomonas reinhar*i lacks one of the paired flagella seen in wild-type cells.
In the unicellular alga Chlamydomonas reinhardtii, as in all eukaryotic cells, flagellar shafts are assembled onto basal bodies in the flagellar apparatus (1) . Mutants at the uni locus of C. reinhardtii show failure of assembly of one of the paired flagella because the mutation prevents complete development of one of the basal bodies (2) . Using the eye spot (located on a lateral surface of the cell) as an anatomical marker we found that >95% of mutant uniflagellate cells lacked the flagellum cis to that structure. Furthermore, these mutants failed to map to any of the 18 known linkage groups in C. reinhardtii (2) (unpublished data).
We report here that the uni locus along with nine other loci involved in flagellar assembly and two loci affecting flagellar function define a new linkage group with a circular map: the uni linkage group (ULG).
EXPERIMENTAL PROCEDURES Mutant Strains. Mutant pf27 and all ULG mutants except for pf7, pf8, and pf10 were isolated in this laboratory. The last three mutants and all other strains not isolated here were obtained from the Chlamydomonas Stock Center at Duke University (Durham, NC). Mutants isolated in this laboratory were crossed to wild type, and after cloning, F1 or F2 daughters were used for genetic analysis.
Tetrad and zygote clone analyses were performed at 21'C by using standard techniques (3) . Map distance [centimorgans (cM)] was computed by using the equation (4) [(6NPD + T)/(PD + NPD + T)] x 50, where NPD equals number of nonparental ditype tetrads, PD equals parental ditype tetrads, and T equals tetratype tetrads. Gametic cells were produced by growth on low-sulfate agar medium followed by a 4-hr culture in nitrogen-free liquid medium (5 (Fig. 1) .
Not shown on the map are linkage relationships for three other mutants: enhl was found to be 3 cM to the left or right of unil (35 tetrads); pf7 was 4 cM (65) to the left of unil, 17 cM (84) from fla9, and 26 cM (72) from fla1O (numbers in parentheses include data from tetrad and zygote clonal analysis). We were unable to obtain any crosses withpf8, but it is included on the ULG based on the data of McVittie, who estimated linkage to pf7 to be -5 cM (10) .
Gene-Centromere Distances on the ULG. Exchange frequencies between mutants at nine loci on the ULG and its centromere were estimated by pairwise crosses to acl7. The acl7 marker is closely linked to the centromere of linkage group III (11) . Observations of second-division segregation Abbreviations: ULG, uni linkage group; NPD, nonparental ditype; PD, parental ditype; T, tetratype; cM, centimorgan(s).
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The results of this analysis, shown in Fig. 2 , are consistent with the order of loci on the genetic map; they place the centromere at a position close to pf29. For unil, pf10, and pf29 confirmatory data were obtained by using pf27, a marker linked to the centromere of linkage group XII (6) .
T frequencies in the region flall to flal3 exceed 0.667, a theoretical limit expected because of the effect of multiple exchanges likely to occur between loci distant from the ULG centromere and the centromere (4) . Positive chiasma interference or chromatid interference could be a cause of this excess of T tetrads (12) .
We have not yet obtained adequate numbers of tetrads from 3-factor crosses in the unil-fla9-flalO intervals to determine the possible role of chiasma or chromatid interference. However, Papazian (13) has derived the following equation for assessing interference from 2-factor cross data. Recombination Frequencies Between Loci on the ULG Are Temperature Sensitive. In the protocol used for the sexual cycle of C. reinhardtii the events leading up to and including meiosis can be tightly synchronized (3) . Starting with the mixing of populations of mature gametes of opposite mating type the protocol can be divided into three phases: I, 18 hr in light; II, 5 days in darkness; and, finally, III, 15-24 hr in light. Meiosis begins after 10 hr in phase III (14) .
We observed that alterations oftemperature in phase II but not in phase I or III significantly altered recombination frequency for loci on the ULG. A representative experiment is shown in Fig. 3 for a 5-factor cross: fla9 msr UNI1 SUN1 ERY3 x FLA9 MSR unil sunl ery3. The mutants msr (methionine sulfoximine resistance) and ery3 (erythromycin resistance) are linked on the right arm of linkage group I (11). In the experiment, phases I and III were carried out at 21°C and phase II was carried out at the temperatures shown on the abscissa. Phase II temperature shifts between 17 and 32°C led to increased recombination for the two intervals measured on the ULG but had no effect on the linkage group I markers. Additional 2-factor cross data (Table 3) show phase II temperature-dependent increase in recombination for other intervals spanning the ULG. On the other hand, map intervals between markers on linkage group IX (pf16 and pf 13) and on II (pf12 and pf18) show no temperature dependence.
To determine whether phase II temperature changes brought about permanent alterations in the uni chromosome, we studied progeny from unil FLA9 x UNI1 fla9 crosses made at 17, 21, and 32°C. From each temperature a T tetrad was selected and the UNI1 FLA9 segregant was crossed to its unilfla9 sister. F1 zygotes from these crosses were analyzed at three phase II temperatures. As shown in Table 4 the temperature of origin of segregants had no effect on the subsequent recombination behavior of the F1 zygotes. Furthermore, recombination in each F1 cross responded as expected to shifts in phase II temperature. The effect of elevation of temperature in phase II is to increase the frequency of recombination without producing a heritable change in the ULG.
By studying the effect of temperature shifts at the beginning ofphase II, when zygotes were shifted from light to dark, we observed that the critical period for temperature elevation to increase recombination was limited to the first 1-2 hr.
In the first series of experiments, Table 5 (column 2), zygote products of unil FLA9 x UNIlfla9 crosses were held at 17°C for phase I and transferred to dark at the same temperature, and after intervals varying from 0.5 hr to 24 hr they were shifted to 32°C for the duration of phase II that when the temperature shift to 32'C is delayed for 1-2 hr the effect of temperature elevation is no longer seen.
In the second series of experiments, Table 5 (column 3), unil FLA9 x UNIlfla9 zygotes were maintained at 17TC for phase I, and the temperature was equilibrated by transferring the zygotes to 32'C for 30 min. The zygotes were placed in the dark, held for durations of 0.5-24 hr at 32'C, and transferred back to 17°C for the remainder of phase II. Phase III was carried out at 21'C. When these results are compared with the control values for zygotes held constantly at 32'C throughout phase II, it is apparent that an exposure to 32'C for the first hour immediately after shift to dark is adequate to give a maximum effect on recombination.
DISCUSSION
The ULG is different from the other 18 linkage groups of C. reinhardtii in three respects: (i) recombination analysis gives a circular map; (ii) recombination frequencies for loci on the ULG but not other linkage groups are sensitive to temperature at a time 5 days before meiosis; and (iii) the extensive clustering of related mutant phenotypes for loci on the ULG is not seen on other linkage groups (11) . However, the failure to find mutants other than those affecting flagellar functions on the ULG needs the test of time.
Temperature effects on recombination have been observed in a variety of organisms; in almost every case the sensitive period occurs during meiosis (reviewed in ref. 15) . For the ULG, temperature shifts affect recombination during a critical 1-to 2-hr period 5 days before meiosis. The effect appears to be on genetic exchange and is not heritable, and the resulting tetrads are mainly T tetrads. If in gametes the ULG chromosome is single copy it follows that replication must occur before or in association with crossing-over. Therefore, the possibility exists that replication and exchange on the Map distance was analyzed from tetrad analysis (36 tetrads for each point). o, sunl-unil; X, unil-fla9; e, msr-ery3.
ULG occurs 5 days before meiosis during the first 1-2 hr in the dark phase of zygotic maturation.
A model consistent with the genetic data is that the ULG at the time of crossing-over is a ring chromosome with a single centromere and two chromatids. A problem with this model is that single crossovers, the most likely exchange to generate the predominant T tetrads we observed, would also generate dicentric rings (16) . For consistent patterns of 2:2 segregation secondary exchanges elsewhere involving the same strands might be required to resolve these dicentric rings.
Stahl (17) has pointed out that a linear chromosome may give a circular map when crossovers, occurring one per meiosis, on one arm are matched by crossovers involving the same two strands on the other arm. Predictions from this model were that loci distant from the centromere would show positive interference, a high frequency of second-division segregations with some markers, and, for loci straddling the centromere, negative interference with an excess of twostrand double exchanges. For the ULG, the high frequency of Ts for crosses between acl7 and loci in the flall to flal3 region (Fig. 2) and the indications of positive interference in the same region (Table 2) are consistent with these requirements. For the centromere region the data from 2-factor crosses (Table 2) are of uncertain significance because of the small sample size. If the observed NPDs truly exceed expectation, they suggest either negative chiasma interfer- ence or a possible excess of four-strand double exchanges. The occurrence of two-strand doubles cannot be determined from these 2-factor data.
It is apparent, however, that the restrictions on chromatid exchanges required for the linear chromosome model resemble those required to resolve potential dicentrics in the ring chromosome model discussed previously. In the linear model the number of exchanges per meiosis are limited and it is more difficult with this model than with the ring model to explain the extensive increases in ULG recombination when zygotes are exposed to higher temperatures. Complete understanding ofthe structure of the ULG will require isolation of its physical entity.
Stahl (17) has suggested that circular linkage may be selectively advantageous because it tends to preserve linkage between genes that may interact intimately in the same step in development. In the vegetative cycle of C. reinhardtii the postmitotic conversion of centrioles to basal bodies (18) may require this kind of coordinate activity. Whether it is a ring chromosome or a linear chromosome in which chromatid exchanges are constrained to give a circular map, the ULG with its cluster of genes that may effect specifically basal body assembly could represent this kind of specialized linkage function. However, only in the case of uni mutants is there good evidence that the gene product may function in the formation of the basal body transition zone (2) .
For nearly a century, cell biologists have observed continuity between centrioles and basal bodies and, in many cases, reported apparent de novo origin of basal bodies (reviewed in refs. 19 and 20) . It is possible that the ULG represents the genetic element frequently postulated to play a role in the cyclic formation of these structures.
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